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Abstract— The impact of terrestrial vegetation is becoming more 
important in federal German waterways for flood control and 
for a natural design of inland waterways. For estimating the 
hydraulic resistance of submerged and non-submerged 
vegetation, several vegetation approaches are available in 
Telemac-2D. The vegetation is characterized by selected 
parameters which serve as input parameters for the vegetation 
approaches.  Hence, uncertainties in the modelling of roughness 
caused by vegetation results from both the natural variability of 
vegetation and the vegetation approaches themselves. In this 
paper, the interdependencies of relevant vegetation parameters 
and their mathematical description by allometric relations are 
analysed, deriving an interdependency between hydrodynamic 
density and stem diameter. The uncertainties of the vegetation 
parameters resulting from the natural range of variation are 
determined by allometric relations and by a literature review. By 
means of an uncertainty analysis using a 2D hydro-numerical 
model of a straight compound channel, it is apparent that the 
uncertainties of the vegetation parameters outweigh the 
uncertainties of the vegetation approaches. 
I. INTRODUCTION 
Floodplain and riparian vegetation have a large impact on 
the flow field and morphological processes. In particular, the 
occurrence of terrestrial vegetation significantly increases the 
hydraulic resistance. A lot of research has been done on the 
interaction between flow and vegetation in the last decades. 
The result of these investigations are several promising 
approaches for non-submerged and submerged rigid or 
flexible vegetation. Several of these vegetation models for 
representing roughness effects have been implemented in 
TELEMAC-2D [1] and are available to the user in the official 
release. As input data different vegetation parameters such as 
vegetation density and height are needed. It should be noted 
that vegetation parameters can change over time (e.g. height 
and width growth), but are also subject to seasonal variations 
(e.g. foliage). In addition, these exhibit natural ranges of 
variation. However, uncertainties can also arise from the 
recording of the parameters. Therefore, the question arises 
what influence the total uncertainties of the vegetation 
parameters have on the resulting roughness effect of 
vegetation.  
Some of the needed vegetation parameters are 
interdependent. For example, large trees have greater spacing 
than small trees and with the growth in height the plants also 
grow in width. In this paper relevant allometric relations are 
presented and a statistical description of the variability of 
individual vegetation parameters, e.g. by mean value and 
standard deviation or minima and maxima values with a 
corresponding distribution was derived. 
The aim of the work was to evaluate different vegetation 
models considering the influence of the existing uncertainties 
of the input parameters. This was achieved by means of an 
uncertainty analysis with the uncertainty analysis tool 
Unantopy (Uncertainty Analysis Tool in Python) developed by 
BAW [2]. An uncertainty analysis can be used to investigate 
the influence of the variation ranges of the vegetation 
parameters on the roughness effect of the vegetation 
approaches. In this framework, the overall uncertainty of the 
vegetation parameters was analysed in comparison to the 
uncertainty of the vegetation approaches, but also the 
influence of the individual parameters. 
The dependencies of relevant vegetation parameters on 
each other were analysed and described mathematically using 
allometric relationships. Furthermore, the uncertainties of the 
vegetation parameters were investigated by means of a 
literature research and allometric relations. This study 
focusses on natural variability of vegetation parameters. Other 
uncertainties, e.g. of measurement, were not considered. 
II. VEGETATION MODELS AND VEGETATION PARAMETERS 
The vegetation types tree and bush are considered in this 
study. Since the height of trees is usually greater than the flow 
depth on the floodplains, only non-submerged conditions have 
to be considered. For bushes both non-submerged and 
submerged conditions can occur. Furthermore, in this case 
flexibility of the plants can affect the vegetation-induced 
hydraulic resistance. Based on this, three categories were 
defined that are investigated within the framework of the 
study: 
A. Rigid non-submerged tree 
It is assumed that the crown is completely above the water 
level. In this case a simplified assumption of the vegetation 
elements to rigid cylinders is widely accepted (e.g. [3]). Petryk 
and Bosmajian [4](referred to as P&B) introduced a 
vegetation model for rigid non-submerged vegetation based on 




the hydrodynamic density 𝑚𝐷 (unit m-1) and the 
dimensionless drag coefficient 𝑐𝐷 of a single element. The 
hydrodynamic density is defined as the sum of the projected 
areas of the vegetation elements divided by the ground surface 
multiplied by the water depth. For rigid regularly arranged 
cylinders, it simplifies to 
 𝑚𝐷 = 𝐷Δ2 () 
with the stem diameter 𝐷 and the spacing Δ between the 
individual trees. For the drag coefficient [4] indicates that this 
is approximately 1.0. 
Lindner [5] and Pasche and Rouvé [6] (referred to as 
LIND) developed a method to quantifying the drag coefficient 
at the reach scale. The method assumes that the drag 
coefficient of a cylinder in the wake zone depends on the drag 
coefficient of a single non-submerged cylinder, the resistance 
due effects of the adjacent cylinders, and the resistance due to 
the gravity wave. The LIND vegetation model needs as input 
parameters the stem diameter and the spacing between the 
vegetation elements. 
 
Figure 1: Allometric relation for trees of [7] between stem diameter and 
hydrodynamic denisty with allometric factor  𝑎 in the intervall of 11 to 13 
referred to [8]  
The vegetation parameters stem diameter and spacing are 
interdependent. For this relation [7] formulated an allometric 
rule  
 𝑁 = 𝑒𝑎 (0.25𝐷 )−1.605  () 
with number of stems per hectare 𝑁, and breast height 
diameter 𝐷. For the species-specific and site-dependent 
allometric factor 𝑎, [8][8] determined a range of variation 
from 11 to 13 for stands in southern Germany. Using (1) and 
(2) a relation between the hydrodynamic density and the stem 
diameter can be derived for trees. In Fig. 1 the range of values 
is shown. 
B. Rigid non-submerged and submerged bush 
The roughness effect of bushes can only be adequately 
represented if a distinction is made between non-submerged 
and submerged conditions. Furthermore, a simplification of 
the vegetation elements to rigid cylinders is not valid. 
The 2-layer approaches of Baptist et al. [3] (referred to as 
BAPT), Huthoff et al. [9] (referred to as HUTH) and van 
Velzen et al. [10] (referred to as VANV) are all based on the 
vegetation model of P&B and consider the vegetation as rigid. 
To account for the submerged case also the vegetation height ℎ𝑝 is needed as input parameter. The three models differ with 
respect to the assumptions for the vertical velocity profile 
within the free upper layer. Only HUTH needs additional 
information about spacing between the vegetation elements. 
In literature higher values for the hydrodynamic density of 
bushes can be found compared to trees. E.g. [10] gives values 
for alluvial softwood forest (trees) from 0.027 m-1, and for 
softwood bushes from 0.233 m-1 (young) to 0.097 m-1 (older) 
for the hydrodynamic density. 
In forestry the focus is on trees. For this study no usable 
allometric relations for bushes could be found in literature. 
C. Flexible non-submerged and submerged bush 
Depending on the species and degree of foliage, the 
flexibility of the vegetation can have a significant impact on 
resistance behaviour. Järvelä [11] (referred to as JAER) 
introduced a 1-layer approach for flexible just-submerged and 
submerged vegetation based on the empirical concept of [12]. 
To account for vegetation density [11] is using the leaf-area 
index 𝐿𝐴𝐼 and the vegetation height. Additionally, the species-
specific parameters 𝐶𝐷𝜒, 𝜒 and 𝑢𝜒 are needed. 
Reference [13] extended the JAER approach for non-
submerged conditions by assuming a logarithmic velocity 
distribution in the free layer above analogue BAPT (extended 
approach referred to as HYBR). 
All vegetation models used and the corresponding 
vegetation parameters are summarized in Tab. 1. 
TABLE 1: USED VEGETATION MODELS AND THE CORRESPONDING INPPUT 
PARAMETERS 
Vegetation model Approach Parameters 
P&B [4] 1-layer, rigid 𝐶𝐷, 𝑚𝐷 
LIND [5], [6] 1-layer, rigid Δ, 𝐷 
BAPT [3] 2-layer, rigid 𝐶𝐷, 𝑚𝐷, ℎ𝑝 
HUTH [9] 2-layer, rigid 𝐶𝐷, 𝑚𝐷, Δ, ℎ𝑝 
VANV [10] 2-layer, rigid 𝐶𝐷, 𝑚𝐷, ℎ𝑝 
JAER [11] 1-layer, flexible 𝐶𝐷𝜒, 𝜒, 𝑢𝜒, 𝐿𝐴𝐼, ℎ𝑝 
HYBR [13] 2-layer, flexible 𝐶𝐷𝜒, 𝜒, 𝑢𝜒, 𝐿𝐴𝐼, ℎ𝑝 
 
III. NUMERICAL MODEL 
In this study a TELEMAC-2D model of a straight 
compound channel was used. The cross-section had a total 
width of 300 m and was composed of a 60 m wide main 




channel, a 60 m wide bank with a slope of 1:10, and a 180 m 
wide vegetated floodplain as shown in Fig. 2. The total 
channel length was 3600 m with a slope in streamwise 
direction of 0.5 ‰. 
 
Figure 2: Cross-section of  investigated compound channel 
The bottom roughness was modelled using the Nikuradse 
roughness law. The equivalent sand roughness 𝑘𝑠 of the main 
channel and the bank were set to 0.15 m, and of the floodplain 
to 0.10 m. 
To consider the additional resistance caused by vegetation 
the principle of linear superposition is used. Thus, the total 
friction 𝜆 is the sum of the bed roughness coefficient 𝜆′ and 
the vegetation form resistance per unit surface 𝜆′′. In this study 
the vegetation on the floodplain is assumed to be uniform.  
Three different flow events were investigated with flow 
depth on the floodplain (FP) of 1.0 m (h_FP_1m), 3.0 m 
(h_FP_3m) and 6.0 m (h_FP_6m). Flow depths were selected 
to both flow through and over brushy vegetation. Trees are 
always considered as non-submerged. To ensure normal flow 
conditions the discharges were calibrated using the vegetation 
P&B with a hydrodynamic density of 0.05 m-1 and a drag 
coefficient of 1.0. The boundary conditions are summarized in 
Tab. 2.  
TABLE 2: BOUNDARY CONDITIONS 
Event Qinlet houtlet,main houtlet,FP 
h_FP_1m 1600 m³/s 7 m 1 m 
h_FP_3m 2750 m³/s 9 m 3 m 
h_FP_6m 4250 m³/s 12 m 6 m 
 
All simulations were carried out with the open-source code 
TELEMAC-2D (v8p0r2) using the horizontal mixing length 
turbulence model. The total number of elements of the 
computational grid is 12798 and the average node distance is 
around 14 m. 
IV. UNCERTAINTY ANALYSES 
To investigate the effect of the uncertainties of the 
vegetation parameters on the hydraulic parameters water level 
and discharge distribution an uncertainty analysis was carried 
out. For this, the tool Unantopy (Uncertainty Analysis Tool in 
Python) developed at BAW [2] was used. The unique feature 
of this study is that the investigation was conducted with 
nature-based vegetation parameters. 
As a first step all vegetation parameters used in the 
investigated vegetation laws (see Table 1) were assumed 
uncertain. Their natural variability was found in literature. The 
uncertain parameters need to be independent or the 
dependencies between them must be known. To ensure 
statistical independency the allometric relations described 
before were considered. In general, normal distribution was 
presumed for all parameters. The impact of uniform 
distribution was investigated exemplarily. For a statistical 
description of a normal distribution the mean value 𝜇 and the 
standard deviation 𝜎 are needed. For the present study 
minimal (𝑀𝑖𝑛) and maximal (𝑀𝑎𝑥) values of the uncertain 
vegetation parameters were taken from literature. It was 
assumed that the vegetation parameters are normally 
distributed. To determine the standard deviation, it was 
assumed that 99.73 % of all values lie within the min and max 
values. The mean values and standard deviation were 
approximated by the following formulas: 
 𝜇 = 𝑀𝑎𝑥+𝑀𝑖𝑛2  () 
 𝜎 = 𝑀𝑎𝑥−𝑀𝑖𝑛6  () 
In Unantopy three uncertainty quantification methods can 
be chosen: First-Order-Second-Moment (FOSM) method, 
Monte-Carlo method (MC) or metamodeling using a non-
intrusive polynomial chaos method. For a steady state flow 
without sediment transport the FOSM method is 
recommended (e.g. [2], [14]). This method needs only a small 
number of simulation runs (two for each uncertain parameter 
plus one for the reference settings) but requires a linear system 
behaviour in the range of the parameter variability and normal 
distributed uncertain parameters.  
The FOSM method was applied in this study. Exemplarily 
the assumption of the linear system behaviour was validated 
exemplarily using MC method.  
For the uncertainty analysis the three categories described 
in Sec. II were used. For the category rigid non-submerged 
tree, several cases with different stem diameters were 
considered. The corresponding hydrodynamic densities were 
derived from the allometric relations. The category rigid non-
submerged and submerged bush was subdivided into the two 
cases, small bush and large bush. To investigate the influence 
of flexibility only one case was analysed for the category 
flexible non-submerged and submerged bush.  
Tab. 3 summarizes the mean values and the standard 
deviations of the uncertain vegetation parameters for the 7 
cases. Reference velocity 𝑢𝜒 was not varied as it is defined as 
the lowest velocity used in the experiments to determine the 
species-specific vegetation parameters and was set constant to 
0.1 m/s. 
The final step in Unantopy is the statistical evaluation of 
the simulation runs. Unantopy provides automatically the 
sensitivity of all uncertain parameters, the probability interval 









TABLE 3: USED PARAMETERS FOR THE VEGETATION LAWS 
 𝒎𝑫 𝑪𝑫 𝒉𝒑 𝑳𝑨𝑰 𝑪𝑫𝝌 𝝌 
Tree 
D=0.10 m 
𝜇 𝜎 0.063 m-1 0.016 m-1 1.0 0.2 - - - - 
Tree 
D=0.40 m 
𝜇 𝜎 0.027 m-1 0.007 m-1 1.0 0.2 - - - - 
Tree 
D=0.70 m 
𝜇 𝜎 0.020 m-1 0.005 m-1 1.0 0.2 - - - - 
Tree 
D=1.00 m 
𝜇 𝜎 0.016 m-1 0.004 m-1 1.0 0.2 - - - - 
Bush 
small 
𝜇 𝜎 0.285 m-1 0.062 m-1 1.35 0.22 1.50 m 0.17 m - - - 
Bush 
large 
𝜇 𝜎 0.224 m-1 0.042 m-1 1.35 0.22 3.50 m 0.50 m - - - 
Bush 
flexible 
𝜇 𝜎 0.284 m-1 0.062 m-1 1.35 0.22 3.00 m 0.67 m 2.45 0.68 0.45 0.12 -0.08 0.03 
 
V. RESULTS 
Within this section the focus is on the resulting water depth 
on the floodplain. The water depth was evaluated at 
x=2200 m. Beside the mean value also the deviation within 
95 % probability of occurrence was considered. The ratio of 
the discharge distribution between floodplain and main 
channel was also evaluated and can be found in [15]. 
A. Uncertainty analysis using FOSM 
1) Rigid non-submerged tree: In Fig. 3 the resulting water 
depths on the floodplain are shown for the category rigid non-
submerged tree. The results show a decreasing water depth 
with increasing stem diameter for all three flow events. This 
can be explained by the decreasing hydrodynamic density 
with increasing stem diameter (cf. Fig. 1) which induces 
decreasing roughness. In addition, it can be seen that the 
deviation increases with increasing diameter. Overall, the 
deviations are smaller for event h_FP_1m than for the other 
two. 
The additional variation of the drag coefficient (light blue) 
to the hydrodynamic density (dark blue) within P&B's model 
results in an increase in the deviation of water level. The 
increase in the range of variation is about 12 to 27 %. 
Both, mean values and deviations of the water levels of 
LIND (black) are in good agreement with the values of P&B, 
but generally show somewhat larger values. For all flow 
depths, the 𝐶𝐷 value of LIND for stem diameter of 0.10 m was 
calculated from the LIND approach in a range from 0.90 to 
1.20 which gives a percent range of variation of ±14 %. For 
steam diameter of 1.0 m, the calculated range of variation was 
0.90 to 1.5 which gives the percentage range of variation of 
±25 %. The calculated 𝐶𝐷 values of LIND are in a plausible 
range. They have a larger mean value than those of P&B, 
which explains the larger mean values of LIND’s water 
depths. 
Overall, the results show good agreement between the 
vegetation approaches studied for the rigid non-submerged 
tree case. Moreover, the P&B shows a small variation due to 
the variation of the 𝐶𝐷 value. The ranges of variation resulting 
from the uncertainties of the vegetation parameters outweigh 










Figure 3: Water depth for the category rigid non-submerged tree for the 
events h_FP_1m (bottom), h_FP_3m (middle) and h_FP_6m (top) 
evaluated on floodplain at x=2200 m; mean value (circle) and deviation 
within 95 % probability of occurrence (errorbars)  
2) Rigid non-submerged and submerged bush: Fig. 4 
shows the resulting water depth and the corresponding 
deviations for the cases small (left) and large (right) non-
submerged and submerged rigid bush. For the event h_FP_1m 
all models lead to the same results and the deviation are 
negligible. Here, both the small and the large bush are non-
submerged. As described above, in this case the three models 
treat the vegetation analogue to P&B. Due to the lower 
hydrodynamic density the large bush leads to slightly lower 
water depth compared to the small bush. 
For the event h_FP_3m and h_FP_6m the water depth in 
case of the large bush are higher compared to the small bush. 
The small bush is for both events submerged. In contrast to 
this, the large bush is for the event h_FP_3m non-submerged 
leading to only small deviations. 
With exception of HUTH the uncertainty due to the 
vegetation height (light blue) is larger compared to the 
vegetation density (dark blue). The additional variation of the 
drag coefficient (black) results for all vegetation models in a 




small increase in the deviation of water level. Overall, BAPT 
shows somewhat less deviation than the other two models. 
In summary, the results for the small bush and the large 
bush show good agreement, although the considered 
vegetation approaches model the velocity profile in the free 
surface layer differently for the submerged case. The 
vegetation height has a large influence and the hydrodynamic 
density and the drag coefficient have a small influence on the 
output parameters water depth. However, the result of HUTH 
for the small bush is an exception, because in this case the 
hydrodynamic density has the largest influence and the 
vegetation height has a relatively small one. The ranges of 
variation resulting from the uncertainties of the vegetation 
parameters outweigh the uncertainties of the individual 









       
Figure 4: Water depth for the category rigid non-submerged and 
subermerged bush (left: small, right: large) for the events h_FP_1m 
(bottom), h_FP_3m (middle) and h_FP_6m (top) evaluated on floodplain at 
x=2200 m; mean value (circle) and deviation within 95 % probability of 
occurrence (errorbars) 
3) Flexible submerged and non-submerged bush: In 
Fig. 5 the resulting water depths for the flexible submerged 
and non-submerged bush are shown. Beside the models for 
rigid vegetation, the JAER model was used in case of non-
submerged vegetation and in case of submerged conditions 
the adapted HYBR model. For the rigid approaches BAPT, 
HUTH and VANV only the results for the case when all 









              
       
Figure 5: Water depth for the category flexible non-submerged and 
subermerged bush  for the events h_FP_1m (bottom), h_FP_3m (middle) 
and h_FP_6m (top) evaluated on floodplain at x=2200 m; mean value 
(circle) and deviation within 95 % probability of occurrence (errorbars) 
For all three events the mean water levels of the flexible 
approach are lower than the resulting of the rigid ones. In case 
of non-submerged (h_FP_1m) and just-submerged 
(h_FP_3m) conditions the flexible approaches show higher 
deviation of the water level and in the submerged case 
(h_FP_6m) lower ones compared to the rigid approaches. 
The variation width of the flexible approach is composed 
of a large variation width of the leaf area index 𝐿𝐴𝐼, a large 
increase in the species-specific resistance coefficient 𝐶𝐷𝜒, and 
a large increase in the vegetation height. The parameter 𝜒 
causes a very small change in the variation widths of water 
depth and runoff partitioning. The increase in water depth is 
less than 1 %. 
The results for the flexible submerged and non-submerged 
bush do not deviate strongly from each other and show a high 
overlap. The ranges of variation resulting from the 
uncertainties of the vegetation parameters outweigh the 
uncertainties of the individual vegetation approaches in the 




present case. The approaches differ fundamentally from each 
other due to the modelling of a rigid vegetation on the one 
hand and a flexible vegetation on the other hand.  
4) Comparision of vegetation types tree and bush (both 
considered as rigid): In the preceding analyses, the influence 
of the vegetation parameters for different vegetation 
approaches related to one vegetation category is considered 
in each case. In the following, the results of the vegetation 
categories tree and bush (rigid) are compared with each other. 
Only the results of BAPT are used for this purpose; and in the 
case of non-submerged tree, these correspond to the results of 
P&B. 
Fig. 6 shows the ranges of variation in water depths on the 
floodplain. For the comparison, the two steam diameters 
0.10 m and 1.00 m are focused on for the non-submerged tree. 
The deviations of the water level are smallest for 
h_FP_1m. The tree is non-submerged at all flow depths. The 
tree with a steam diameter of 0.10 m has a higher mean water 
depth for all flow depths compared to the tree with a steam 









Figure 6: Water depth for the vegetation types tree and bush predicted by 
BAPT for the events h_FP_1m (bottom), h_FP_3m (middle) and h_FP_6m 
(top) evaluated on floodplain at x=2200 m; mean value (circle) and 
deviation within 95 % probability of occurrence (errorbars) 
The bush is non-submerged for h_FP_1m. Compared to 
the tree, it has slightly larger water depth values for the VL-
WT of 1 m. This results from larger assumed hydrodynamic 
densities for the small bush and for the large bush and a larger 
assumed 𝐶𝐷 value compared to the tree. For h_FP_3m the 
mean value of water depths for the small bush is within the 
range of values for the tree with a steam diameter of 0.10 m. 
Here, the small bush is submerged but covers around half of 
the water depth with its vegetation height (varies from 1 m to 
2 m). For h_FP_6m, the mean of the water depth of the small 
bush has the lowest water depth. The large bush in this case 
approaches the tree with the steam diameter of 0.10 m. Both 
types of bushes are submerged, but the large bush covers larger 
parts of the water depth with a variation in vegetation height 
from 2 m to 5 m.  
Comparison of vegetation categories illustrates the 
different mechanisms of vegetation resistance under non-
submerged and submerged conditions. At non-submerged 
conditions, the larger values of hydrodynamic density and 
drag coefficient are the primary factors that result in a higher 
water depth for bush compared to tree. For the submerged 
case, this is not apparent. In the submerged case, the mean 
values of the bush equal the mean values of the tree. 
B. Validation of methodology 
In order to verify the applicability of the FOSM method 
with the assumption of a linear system behaviour, the MC 
method was applied for the two cases small and large bush of 
the category rigid non-submerged and submerged shrub and 
the event h_FP_6m. In Unantopy the Latin Hypercube 
Sampling [16] is used to reduce the number of needed random 
experiments without compromising reliability. In the present 
case, 1000 samples were simulated. Previous tests at BAW 
have shown that such number of samples are satisfactory for 
simple hydrodynamic situations as in this study. Nevertheless, 
this corresponds to about 140 times more computation time 
compared to FOSM, which requires only 7 simulation runs for 
3 uncertain input parameters. 
h_FP_6m 
 
         
Figure 7: Water depth for the category rigid non-submerged and 
subermerged bush (left: small, right: large) for the event h_FP_6m evaluated 
on floodplain at x=2200 m; mean value (circle) and deviation within 95 % 
probability of occurrence (errorbars) 
Fig. 7 shows that the results of FOSM (light blue) and MC 
(dark blue) are nearly the same. The deviation ranges differ by 
a maximum of around 5 % while the mean values were 
computed slightly smaller (max 0.15 %) with MC method.  
Furthermore, a uniform distribution (uni) instead of a 
normal distribution (normal) was used with the MC method. 




The results are presented in Fig. 7 (black). As expected a 
uniform distribution created more deviation of the water level 
as a normal distribution. Interestingly, the mean values were 
also slightly changed due to another probability distribution of 
the uncertain parameter. With the MC method the mean value 
was calculated slightly smaller than with FOSM method 
except for large bush and HUTH vegetation formula.  The 
differences are larger for HUTH which shows again the higher 
sensitivity of this vegetation formula. 
VI. DISCUSSION 
The wide range of vegetation appearance results in a large 
variability of vegetation parameters. In practice, the 
determination of the vegetation parameters can prove to be 
difficult. The results of the uncertainty analyses performed in 
this work show that the range of variation resulting from the 
uncertainties of the vegetation parameters outweighs the 
uncertainties of the vegetation approaches. The unique feature 
of this work is that the ranges of variation of the vegetation 
parameters were included. 
To discuss the influence of the individual vegetation 
parameters, the deviations of water levels related to the 
relative standard deviations of the uncertain vegetation 
parameters hydrodynamic density, vegetation height and drag 
coefficient are shown in Fig. 8. The relative standard deviation 
(𝑅𝑆𝐷) is a relative measure of dispersion of the parameters 
and defined as 
 𝑅𝑆𝐷 = 𝜎𝜇  () 
Using the 𝑅𝑆𝐷 values the uncertainty of the individual 
vegetation parameters can be compared with each other 
regardless of their absolute values. 
 
            
Figure 8: Deviation of the water level within 95 % probability of 
occurrence on floodplain at x=2200 m related to the RSD values of the 
vegetation parameters for the investigated rigid cases of BAPT 
The vegetation categories tree and bush (both rigid) for all 
three flow events were considered. The results of BAPT are 
shown exemplarily for HUTH and VANV. The results of these 
approaches are comparable while HUTH shows little 
differences due to the influence of the individual parameters. 
For non-submerged (emerged) conditions, the results of 
BAPT, HUHT and VANV correspond to those of P&B. 
The hydrodynamic density 𝑚𝐷 (blue) generates large 
ranges of deviation for the water depth. In contrast, the drag 
coefficient 𝐶𝐷 (orange) has smaller 𝑅𝑆𝐷 values and generates 
much smaller ranges of deviation for water depth. Thus, the 
influence of the 𝑚𝐷 value is larger than that of the 𝐶𝐷 value 
for both submerged and non-submerged vegetation. 
The vegetation height ℎ𝑝 (green, only relevant for 
submerged vegetation) has the smallest 𝑅𝑆𝐷 values, but still 
relatively large ranges of variation in water depth are evident 
compared to 𝑚𝐷 and 𝐶𝐷. The influence of the vegetations 
height is strongly dependent of the level of submergence. 
Since the coefficient of resistance has a small influence 
compared to 𝑚𝐷 and ℎ𝑝, but still causes a change, it is further 
to be investigated whether the 𝐶𝐷value can be fixed or a 
calculation according to LIND should be done. The 
calculation method of LIND was developed using rigid, 
uniformly arranged cylinders with flow. Therefore, it should 
be checked whether the calculation is also applicable for 
natural structures.  
For practical application, it is advantageous that the 
vegetation parameters 𝑚𝐷 and ℎ𝑝, which can be derived e.g. 
from remote sensing, have a larger influence than the drag 
coefficient 𝐶𝐷. Apart from the LIND calculation, the drag 
coefficient can only be determined by laboratory tests, which 
makes the effort not worthwhile for the relatively small 
influence compared to other vegetation parameters. 
Reference [2] simulated different vegetation approaches 
using the FOSM method and the Monte Carlo method with a 
normal distribution, including for JAER, LIND, and P&B. 
They suspect that linearity of input and output parameters is 
present due to the direct relationship of vegetation parameters 
with vegetation resistance. Based on the study by [2], it is very 
likely that the results of the FOSM method in this work are 
robust despite the assumed linearity of the method. No 
conclusion could be made in the work as to whether the 
assumption of a normal distribution of vegetation parameters 
is justified. Furthermore, it has to be evaluated whether a 
uniform distribution, which generates similar results with 
larger ranges of variation, corresponds more to the statistical 
distribution of the vegetation parameters 
VII. CONCLUSION 
The results of the uncertainty analysis show that the natural 
uncertainties of the vegetation parameters outweigh the 
uncertainties of the vegetation approaches. Thus, the quality 
of the input parameters should be in focus. Furthermore, the 
range of application of the approaches should be considered 
when choosing the vegetation approach. Provided that the 
flow field is influenced by predominant vegetation we highly 
recommend to use an appropriate vegetation approach. The 
use of e.g. Nikuradse’s roughness law is only valid if the 
roughness elements are in the order of ten times smaller than 
the flow depth. 




When overflowing vegetation occurs, a two-layer 
approach is to be used. For flexible vegetation, the degree of 
flexibility is decisive. In this work, the results of the flexible 
approaches did not show significantly larger deviations 
compared to the approaches of rigid vegetation. Therefore, 
depending on the local conditions, it should be decided 
whether flexibility should be considered or not.  
The hydrodynamic density and the vegetation height have 
a large influence on the output parameters. The vegetation 
height plays a crucial role for submerged conditions. The drag 
coefficient plays a minor role, and therefore a constant 
assumption is recommended in practice.  
The admissible use of the more inaccurate but computation 
time saving FOSM method for uncertainty analysis could be 
confirmed by comparison with the Monte Carlo method for 
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